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ABSTRACT 


Chesterfield  and  Spicer  have  applied  the  ro¬ 
tational  model  to  Li 7  and  have  obtained  quantitative 
agreement  with  experiment.  The  validity  of  the 
application  of  this  model  rests  upon  the  existence 
of  a  3/2"  state  predicted  at  an  excitation  energy  of 
5,62  MeV,  A  search  has  been  made  for  the  mirror 
analogue  of  this  level  in  Be7,  The  yield  of  gamma 
rays  from  the  reaction  Li6(p,y)Be7  was  investigated 
but  no  evidence  of  a  resonance  could  be  found  in  the 
region  EP  =  200  keV  -  450  keV,  Spectra  taken  at 
Ep  =  800  keV  and  Ep  =  400  keV  are  in  agreement  with 
the  results  of  Warren  et  al  for  the  gamma  de-excitat- 
ion  of  the  broad  6,35  MeV  level,  but  a  spectrum  taken 
at  Ep  =  300  keV  would  seem  to  indicate  that  some  othe 
process  is  being  observed, 
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INTRODUCTION 


It  has  been  known  for  some  time  that  the  rotational 
model  provides  an  excellent  fit  to  the  experimental  data  on 
nuclei  in  the  regions  155  4  A  4  185,  and  A  ^  225;  and  it  has 
recently  been  determined  that  nuclei  with  A  ^  25  also  exhibit 
rotational  spectra  (Bo55,  Li56  ,  Br62),  It  has  now  been  fur¬ 
ther  suggested  (Ke59)  that  the  known  low  lying  energy  levels 
in  .the  mirror  nuclei  Li7  and  Be7  might  form  a  rotational 
spectrum  which  is  in  agreement  with  the  predictions  of  this 
model , 

Following  a  procedure  similar  to  that  outlined  by 
Nilsson  (Ni55),  Chesterfield  and  Spicer  (Ch63)  have  fitted  a 
theoretical  rotational  spectrum  to  the  experimentally  deter¬ 
mined  energy  level  spectrum  of  Li7.  Quantitative  agreement 
between  the  two  spectra  has  been  obtained.  However,  a  neces¬ 
sary  consequence  of  this  fit  has  been  the  prediction  of  a  3/2" 
level  at  an  excitation  energy  of  about  5.6  MeV  in  Li7,  This 
state  is  not  listed  in  the  compilation  of  Aj zenberg-Selove 
and  Lauritsen  ( Aj  59),  although  there  is  a  certain  amount  of 
experimental  evidence  which  points  to  the  existence  of  such  a 
state,  (For  a  discussion  of  this  evidence  see  Section  2), 

This  thesis  is  a  description  of  an  experiment  which 
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was  performed  in  an  attempt  to  resolve  the  problem  presented 
by  the  conflicting  evidence  as  to  the  existence  of  this  state. 
Using  the  reaction  Li6(p,y)Be7  a  search  has  been  made  for 
evidence  of  the  Be7  mirror  analogue  to  the  proposed  5,62  MeV 
(3/2-)  level  of  Li7, 

In  Section  1  the  experimental  apparatus  and  the  general 
techniques  used  in  the  course  of  the  experiment  will  be  des¬ 
cribed;  Section  2  is  a  discussion  of  some  of  the  previous 
related  work  and  the  experimental  results  which  were  obtained; 
Section  3  consists  of  a  description  of  the  rotational  model 
and  a  resume  of  its  application  to  Li  7  as  given  by  Chester¬ 
field  and  Spicer  (Ch63),  Finally,  Section  4  is  a  brief  state¬ 
ment  of  the  conclusions  drawn  from  the  experiment. 
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BOMBARDING  CHAMBER 


SECTION  1. 


EXPERIMENTAL  APPARATUS 


Targets 

The  targets  used  in  this  experiment  consisted  of  iso- 
topically  separated  Li6  deposited  to  a  thickness  of  about 
200  ygms/cm2  on  a  platinum  backing,  They  were  supplied  by 
the  Atomic  Energy  Research  Establishment,  Harwell,  where  they 
were  prepared  in  vacuo  and  then  shipped  in  glass  vacuum 
bottles , 

The  first  of  the  targets  used  was  transferred  from  its 
vacuum  container  to  the  bombarding  chamber  in  a  dry  box  filled 
with  argon  to  atmospheric  pressure.  The  purity  of  the  argon 
gas  within  the  dry  box  was  checked  by  means  of  a  freshly  cut 
block  of  ordinary  lithium.  The  target  was  not  removed  from 
its  vacuum  bottle  until  this  lithium  block  retained  its  freshly 
cut  metallic  luster  after  having  been  in  contact  with  the 
argon  gas  for  at  least  one  hour.  Once  the  target  had  been 
placed  in  the  bombarding  chamber,  the  chamber  was  immediately 
pumped  down  to  a  pressure  of  about  20  microns  and  then  refilled 
with  pure  argon  to  a  pressure  of  about  two  atmospheres ,  The 
target  was  kept  isolated  in  this  manner  until  it  was  ready 
to  be  used,  when  the  bombarding  chamber  was  placed  on  the 
beam  tube  of  the  accelerator  and  once  again  pumped  down,  this 
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time  to  a  working  pressure  of  approximately  7  microns.  The 
bombarding  chamber  was  maintained  at  this  pressure  for  the 
rest  of  the  time  that  the  target  was  in  use.  To  assist  in 
keeping  the  target  free  from  impurities  a  cold  trap  was 
mounted  immediately  in  front  of  the  bombarding  chamber, 
Reedyk  (Re63)  has  examined  the  charged  particle 
spectra  resulting  from  the  bombardment  by  deuterons  of  Li6 
deposited  on  thin  nickel  foils  and  has  found  that  the  only 
contaminants  which  are  present  in  noticable  amounts  are  C12 
and  016,  even  after  these  targets  have  been  exposed  to  the 
atmosphere  for  relatively  long  periods  of  time.  The  2,365 
MeV  level  of  N1 3  and  the  0,500  MeV  level  of  F17  are  the 
only  states  that  it  would  be  possible  to  form  when  the 
nuclei  C12  and  016  are  bombarded  by  protons  with  energies 
below  2  MeV,  On  the  basis  of  this  it  was  decided  to  use 
one  target  which  had  simply  been  removed  from  its  vacuum 
container  and  placed  in  the  bombarding  chamber  without  any 
attempt  being  made  to  keep  it  free  from  atmospheric  impuri¬ 
ties,  This  was  done,  and  no  difference  was  noted  in  the 
spectra  taken  with  this  target  and  those  observed  with  the 
target  which  had  been  transferred  in  the  argon  environment. 
As  far  as  could  be  determined  the  fluorine  contamination 
remained  at  a  constant  level,  and  no  impurities  other  than 
C12  and  016  could  be  found.  For  this  reason  all  further 
targets  which  were  used  were  transferred  from  their  vacuum 
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containers  to  the  bombarding  chamber  in  direct  contact  with 
the  atmosphere, 

In  addition  to  the  Li6  target  a  F1 9  target  (CaF2  on  a 
nickel  backing)  was  also  mounted  in  the  bombarding  chamber, 
on  the  back  of  the  target  holder.  The  bombarding  chamber 
was  so  constructed  as  to  make  it  possible  to  place  either  the 
fluorine  or  the  lithium  target  in  the  beam  by  rotating  the 
target  holder.  It  was  thus  possible  to  calibrate  the  system 
by  means  of  the  reaction  F1  9  ( p  ,  a  y )  0 1  6  ,  rotate  the  target 
holder,  and  then  examine  the  gamma  rays  resulting  from  the 
bombardment  of  the  lithium  target, 

Detector 

The  gamma  ray  detector  used  in  this  experiment  was 
supplied  by  Quartz-Silice ,  and  consisted  of  a  3”  x  3"  Nal(Tl) 
scintillation  crystal  factory  mounted  directly  onto  a  Phillips 
54AVP  photomultiplier  tube,  Measurements  of  the  resolution  of 
the  detector  were  made  with  the  voltage  applied  to  the  tube 
being  varied  from  1100  volts  to  1900  volts  with  no  signifi¬ 
cant  change  being  noted  (see  Figure  1-1).  During  the  course 
of  the  experiment  the  voltage  was  maintained  at  1410  volts. 
With  this  voltage  applied  to  the  photomultiplier  the  resolut¬ 
ion  for  the  0,662  MeV  gamma  ray  of  Cs137  was  measured  and 
found  to  be  8,38%,  Also  measured  at  this  voltage  was  the 
ratio,  for  Co60,  of  the  height  of  the  1,33  MeV  gamma  ray 
peak  to  the  minimum  value  attained  in  the  trough  between 
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this  peak  and  that  due  to  the  1,17  MeV  gamma  ray,  This 
ratio  was  found  to  be  5,55:1,  Both  the  resolution  of  the 
0,662  MeV  gamma  ray  of  Cs 1 3 7  and  the  peak-to-va lley  ratio 
for  the  1,17  MeV  and  1,33  MeV  gamma  rays  of  Co60  were  checked 
periodically  and  were  found  to  remain  essentially  constant. 
The  response  of  this  detector  was  checked  and  found 
to  be  linear  over  the  above  voltage  range.  In  checking  the 
linearity  the  following  gamma  rays  were  used: 


Co57 

0,136 

MeV, 

Cs1  37 

0  ,662 

MeV , 

Mn54 

0  ,  835 

MeV, 

Na22 

0  ,51 

MeV, 

1,274 

MeV, 

Co6  0 

1,17 

MeV, 

CO 

CO 

1 — 1 

MeV, 

RdTh 

2,62 

MeV, 

F1 9(p,ay)01 6 

6 , 13 

MeV, 

Figures  1-2,  1-3,  and  1-4  are  respectively  typical 
spectra  obtained  from  Cs137,  Co60,  and  the  reaction  F19(p,ay)016 
at  Ep  s  874  keV, 

To  increase  the  real  count  to  background  ratio  the 
scintillation  crystal  was  sheathed  in  a  4"  thick  lead  cylinder 
and  the  rest  of  the  detector  in  a  2"  thick  lead  cylinder, 

Even  though  this  reduced  the  background  considerably,  a  rela¬ 
tively  large  number  of  1,46  MeV  gamma  rays  were  noted  in  the 
background  spectrum,  (These  gamma  rays  presumably  arose  from 
the  presence  of  radioactive  K40  in  the  cement  walls  and  floor). 
Whenever  a  scintillation  counter  detects  a  gamma  ray  it 
does  so  indirectly  by  means  of  interactions  in  which  charged 
particles  are  produced,  In  the  energy  range  of  interest  in 
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Figure  1-2 
C  s' 37  Spectrum 
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this  experiment  (0  -  8  MeV)  the  energy  of  a  pamma  ray  is  con¬ 
verted  into  electron  enerpy  throuph  three  processes  which  take 
place  whenever  pamma  rays  pass  throuph  matter, 

1,  Photoelectric  Effect  -  the  cross  section  is  large 
at  low  energies,  but  approaches  zero  very  quickly  as  the  pamma 
ray  energy  approaches  1  MeV, 

2,  Compton  Effect  -  the  cross  section  is  roughly  con¬ 
stant  at  low  energies,  and  slowly  approaches  zero  in  the  region 
of  10  MeV  to  100  MeV. 

3,  Pair  Production  -  the  cross  section  is  zero  below 
1,02  MeV,  but  rises  rapidly  with  increasing  energy  above  this 
value , 

Figure  1-5  exhibits  the  absorption  coefficients  in  Nal  for 
these  three  effects  as  a  function  of  gamma  ray  energy. 

It  is  possible  that  the  total  energy  of  an  incident 
gamma  ray  may  not  be  collected  by  the  scintillation  counter, 
This  can  arise  for  two  main  reasons, 

1,  A  compton  scattered  photon  may  escape  from  the 
scintillation  crystal  so  that  only  a  fraction  of  the  incident 
gamma  ray’s  energy  is  observed.  This  gives  rise  to  a 
"Compton  smear"  of  a  relatively  constant  height  terminating 
in  a  "Compton  shoulder"  a  short  distance  below  the  photopeak 
(0,25  MeV  for  a  high  energy  gamma  ray)  -  see  Figure  1-2, 

0,25  MeV  is  the  maximum  energy  which  an  electron  can  obtain 
in  a  Compton  scattering  event, 
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2.  One  or  both  of  the  0,51  MeV  gamma  rays  resulting 
from  the  annihilation  of  the  positron  produced  in  pair  pro¬ 
duction  may  escape  from  the  crystal.  This  gives  rise  to 
two  "escape  peaks"  0,51  MeV  and  1,02  MeV  below  the  photopeak, 
The  size  of  the  crystal  detecting  the  incident  gamma  ray 
determines  the  relative  sizes  of  the  full  energy  photopeak 
and  the  two  escape  peaks.  For  the  3"  x  3"  scintillation 
crystal  used  in  this  experiment,  the  ratio  of  the  heights 
of  these  peaks  was  1  :  1,76  :  0,85  for  the  6,13  MeV  gamma 
ray  from  the  reaction  F1 9 ( p  ,ay) 01 6 .  That  is,  the  most  pro¬ 
bable  event  was  the  escape  of  one  of  the  0,51  MeV  annihilat¬ 
ion  gamma  rays.  This  effect  is  exhibited  in  Figure  1-4. 
General  Description  of  Apparatus 

In  Figure  1-6  is  shown  a  block  diagram  of  the  experi¬ 
mental  apparatus.  The  jhotons  from  the  sodium  iodide  scintil¬ 
lation  crystal  are  transmitted  to  the  photocathode  of  the 
Phillips  54AVP  photomultiplier  where  they  are  converted  to  an 
electron  pulse  which  is  amplified  by  a  factor  of  10 6 ,  The 
output  from  the  last  dynode  of  the  photomultiplier  is  then 
fed  through  a  cathode  follower  to  an  amplifier  where  it  is 
further  amplified,  the  resulting  signal  being  fed  into  a 
kicksorter  and  a  discriminator.  The  discriminator  in  turn 
operates  a  scaler.  The  kicksorter  used  was  a  model  CN110 
256  channel  Digital  Computer  Unit  supplied  by  Technical 
Measurement  Corp, ,  North  Haven  Conn, 
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The  gain  of  the  amplifier  was  adjusted  so  as  to  place  the 
F-^9(p5<^Y')0^  spectrum  at  the  upper  end  of  the  kicksorter. 

The  lower  level  an  window  width  of  the  discriminator  were 
then  set  so  that  the  discriminator  was  triggered  by  all 
pulses  equivalent  to  gamma  rays  with  energies  between 
MeV  and  6,3  MeV.  This  energy  range  of  the  discriminator 
covered  the  region  of  interest,  so  that  the  number-  of  counts 
recorded  by  the  scaler  gave  the  yield  of  gamma  rays  in  the 
energy  range  where  the  level  under  consideration  was  thought 
to  lie. 

The  proton  beam  used  to  induce  the  desired  reaction 
was  provided  by  a  type  AK  Positive  Ion  Accelerator  supplied 
by  High  Voltage  Engineering.  The-  energy  to  which  the  protons 
were  accelerated  was  continuously  variable  from  200  keV  to 
2.0  MeV.  This  energy  was  electronically  stabalized  to  within 
?  2  keV. 
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Figure  2-1 
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SECTION  2, 


PREVIOUS  WORK  AND  RESULTS 


Previous  Work 

There  has  been  a  large  amount  of  work  done  on  the  mirror 
nuclei  Li 7  and  Be7,  but  no  attempt  will  be  made  to  present  a 
resume  of  all  of  it  in  this  thesis  -  a  complete  discussion  of 
the  experimental  work  relating  to  Li7  and  Be7  may  be  found  in 
the  compilation  of  Aj zenberg-Selove  and  Lauritsen  (Aj59),  Only 
that  work  will  be  discussed  which  deals  directly  with  the 
reaction  Li6(p,y  )Be7,  or  with  the  possible  existence  of  an 
energy  level  between  the  4,53  MeV  and  6,35  MeV  levels  of  Be7 
(or  correspondingly  the  4,63  MeV  and  6,54  MeV  levels  of  Li7), 
Figure  2-1  shows  the  relevant  level  scheme  for  Be7  (Aj59), 

Stoll  ( St 5 4 ) ,  in  studying  the  reaction  Li7(y,t)He4, 
reports  the  observation  of  three  levels  at  energies  of  4,7  MeV, 
5,5  MeV,  and  6,8  MeV  when  lithium  loaded  emulsions  were  bom¬ 
barded  with  bremstrahlung  produced  by  a  31  BeV  betatron,  The 
relative  intensities  of  the  groups  due  to  these  levels  are 
respectively  1  :  0,75  :  0,75,  The  4,7  MeV  and  6,8  MeV  levels 
presumably  correspond  to  the  4,63  MeV  and  6,54  MeV  levels  in 
Li7,  leaving  the  5,5  MeV  level  unaccounted  for, 

Levinson  and  Banerjee  in  a  paper  entitled  "Direct 
Interaction  Theory  of  Inelastic  Scattering"  (Le57)  give 


j 


'•  !  O  '  '■  ••••'  r> 

As  -IM.  •  1  ‘  "•**  » 

:  .  "i  a  m  £  1  L.  .  t-yrnattB  <  n  ,  !:3  t  .3  ’  i.i  1^:. 

■■  :•  ■  ;■  a  i-  :  ' 

.'  ©■/£  "u.v  •.  ant  a  5  s  '  r 

c'  rr  3  n  \  '  •'  ■■  t .•  XI Oi  3 

;v  -3  'r  r.I..v  ?  »i  -  '  o  fioi:  rv  o  ar  t  atTrc  i 

d  f.i  . .  :  r  I  rifrr  t  a  ;  a  i  ft =  ■. 

a  an  j  o .  “c  r.aJ  :r  '  .i -;-v  :i,  x 

,  8  a  'j  r)n.:v  ,-s  £  , 
b  ril  sr/i  ,.r  -  l  b  -flosn-'-eJ 


11 


spectra  taken  by  Maxson  and  Bennett  (Ma57),  of  protons  inelas- 
tically  scattered  from  Li 7  at  three  anples;  12°,  32°,  and  60°, 
In  the  spectrum  taken  at  12°  the  evidence  for  a  level  at  5,5 
MeV  is  as  pood  as  that  for  the  levels  at  6.6  MeV  and  7,5  MeV, 
and  althouph  the  evidence  is  not  as  stronp  at  the  other  two 
angles  shown,  the  possibility  of  a  contribution  from  the  5,5 
MeV  level  can  not  be  ruled  out. 

In  studying  the  reaction  Li6(p,a)He3  Marion  et  al  (Ma56) 
found  resonance  behaviour  corresponding  to  the  two  states  at 

6,35  MeV  and  7,18  MeV  in  Be7,  In  analyzing  their  data,  how¬ 
ever,  it  was  noted  that  there  was  an  unusually  large  non-reson- 
ant  background,  It  is  quite  possible  that  this  may  indicate 
the  presence  of  other  states  or  perhaps  some  other  form  of 
direct  interaction, 

The  above  evidence  would  seem  to  indicate  the  presence 
of  the  state  predicted  by  Chesterfield  and  Spicer,  but  other 
experiments  do  not  confirm  this,  For  instance,  the  results 
of  searches  for  the  5,5  MeV  level  of  Li7  using  the  reactions 
Li6(d,p)Li7  and  Be9(d,a)Li7  show  no  indication  of  such  a 
level.  In  fact,  from  the  d,  a  reaction,  the  intensity  of  the 
alpha  group  due  to  this  level  must  be  less  than  five  percent 
of  the  intensity  of  the  ground  state  alpha  group  or  else  the 
5,5  MeV  level  would  have  been  observed  (Ge56), 

Too  much  emphasis  should  not  be  placed  upon  the  fact 
that  the  proton  group  arising  from  the  5,5  MeV  level  of  Li7 
was  not  seen  using  the  reaction  Li6(d,p)Li7  since  the  group 
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due  to  the  6.54  MeV  state  was  not  observed  either.  The 
proton  groups  corresponding  to  the  ground  state,  478  keV 
level,  and  the  4,63  MeV  level  were,  however,  observed.  The 
negative  results  in  the  case  of  this  experiment  could  be 
interpreted  as  being  caused  by  either  a  low  cross  section 
for  this  reaction  or  else  by  the  broadness  of  the  two  levels 
(the  6,54  MeV  level  is  known  to  have  a  width  of  approximately 
1000  keV  (Aj  59 )  ) , 

All  other  reactions  which  have  been  used  to  investi¬ 
gate  the  level  structure  of  Li7  and  Be7  show  no  indication 
of  the  level  proposed  by  Chesterfield  and  Spicer, 

Although  there  is  admittedly  a  fair  amount  of  negative 
evidence  regarding  a  5,5  MeV  level  in  Li7,  much  of  this  is 
inconclusive.  For  instance;  Erdos  et  al  (Er54)  have  re¬ 
peated  the  experiment  of  Stoll  (St54)  with  better  develop¬ 
ment  techniques  for  the  film,  and  have  confirmed  his  finding 
of  a  5,5  MeV  level  in  Li7,  After  having  done  this  they 
examined  the  negative  results  of  all  related  experiments 
performed  prior  to  1954  and  were  able  to  show  that  these 
results  are  not  in  conflict  with  the  existence  of  such  a 
state , 

It  seemed  that  the  information  which  was  available 
relating  to  this  level  was  such  as  to  preclude  a  valid 
decision  of  any  sort.  For  this  reason  it  was  decided  to 
use  the  reaction  Li6(p,v)Be7  to  search  for  any  de-excitat¬ 
ion  gamma  rays  which  might  be  emitted  by  the  proposed  level, 
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and  also  for  any  resonances  in  the  gamma  ray  yield, 

When  Li6  is  bombarded  with  protons  a  large  number  of 
He3  and  alpha  particles  are  observed,  arising  from  the  react¬ 
ion  Li6(p,a)He3,  This  reaction  exhibits  two  resonances,  a 
broad  one  at  about  1  MeV  bombarding  energy  and  another  at 
1,83  MeV  (Ma56),  In  spite  of  the  competition  from  this  alpha 
process  it  has  been  possible  to  examine  the  capture  gamma 
radiation  from  the  reaction  Li6(p,Y)Be7, 

The  first  attempt  to  detect  gamma  rays  from  this  re¬ 
action  was  unsuccessful,  and  an  upper  limit  of  2,5  x  10 “10 
gammas  per  proton  was  deduced  for  950  keV  protons  incident 
on  a  thick  target  (Cu39),  Then,  in  1954  a  complicated  pattern 
of  de-excitation  gamma  rays  was  reported  as  having  been 
observed  at  bombarding  energies  ranging  from  400  keV  to  2,2 
MeV  (Er54A) ,  Shortly  after 
this  Bashkin  and  Carlson 
(3a55)  determined  that  the 
cross  section  for  the  decay 
of  the  capture  state  through 
the  431  keV  state  was  0,06 
yubarns /steradian  at  a  bombard¬ 
ing  energy  of  415  keV, 

In  Figure  2-2  is  shown  the 
yield  of  431  keV  gamma  rays  for 
bombarding  energies  from  180 


keV  to  415  keV, 
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Gamma  rays  ranging  in  energy  from  431  keV  to  (5,60  MeV 
+  6/7 Ep  are  possible  when  Li6  is  bombarded  with  protons  whose 
laboratory  energy  is  E p  .  In  addition  to  studying  the  gamma 
rays  from  cascades  through  the  431  keV  level  Bashkin  and 
Carlson  attempted  to  observe  the  gamma  rays  resulting  from  the 
decay  of  the  broad  6,35  MeV  level  to  the  ground  and  first 
excited  states  of  Be7,  This  was  done  at  a  bombarding  energy 
Ep  =  300  keV,  but  due  to  the  resolution  of  their  detector 
the  peaks  were  not  resolved,  and  at  energies  above  340  keV 
they  were  obscured  by  the  6,13  MeV  gamma  rays  from  the 
F19(p,ay)016  reaction  in  fluorine  contamination, 

Warren  et  al  (Wa56)  were  able  to  observe  the  radia¬ 
tion  from  the  de-excitation  of  the  6,35  MeV  level  of  Be7  in 
spite  of  fluorine  contamination  -  this  contamination  spoiled 
the  results  only  at  the  fluorine  resonances  and  above  EP 
1  MeV,  In  observing  the  radiation  from  the  6,35  MeV  level 
they  were  able  to  determine  that  about  62%  of  the  transitions 
go  to  the  ground  state.  In  conjunction  with  this  they  measured 
the  cross  section  for  the  reaction  Li6(p,y)Be7  and  found 
that  it  was  0,02  ybarns /s teradian  at  EP  =  750  keV  (about  a 
factor  of  10 5  smaller  than  the  competing  reaction  Li6(p,a)He3  ), 
It  is  to  be  noted  that  the  total  cross  section  as  deter¬ 
mined  by  Warren  et  al  is  about  a  factor  of  10  smaller  than 
that  which  is  obtained  from  the  measurement  of  Bashkin  and 
Carlson  when  the  branching  ratio  between  the  ground  and  first 
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excited  state  is  taken  into  account.  One  would  normally 
expect  that  the  cross  section  at  EP  =  415  keV  would  be  less 
than  that  at  Ep  =  750  keV,  There  seems  to  be  two  possible 
explanations  for  this;  one,  that  Bashkin  and  Carlson  were 
exciting  some  state  other  than,  or  in  addition  to,  that  at 
6,35  MeV,  and  secondly  that  a  small  amount  of  contaminant 
such  as  B10  may  have  added  greatly  to  the  431  keV  radiation 
from  the  capture  process,  (Due  to  the  smallness  of  the 
Li6(p,y)Be7  cross  section  only  a  few  parts  per  million  of 
B1 0  would  be  necessary),  In  connection  with  this  it  is 
interesting  to  note  that  Warren  et  al  observed  an  unusually 
large  amount  of  431  keV  radiation  arising  from  the  reaction 
B10(p,a)Be7*  in  boron  contamination  of  their  targets. 
Experimental  Results 

The  results  which  were  obtained  during  the  course  of 
this  experiment  are  exhibited  in  Figures  2-3  through  2-10, 
Figures  2-3a  and  2-3b  show  the  yield  of  gamma  rays  with 
energies  between  4,5  MeV  and  6,3  MeV  measured  as  a  function 
of  the  proton  bombarding  energy  from  200  keV  to  1,0  MeV, 
Whenever  a  new  target  was  used,  the  resonances  shown  at 
874  keV  and  935  keV  were  run  over  so  as  to  obtain  a  normal¬ 
ization  factor  on  the  amount  of  fluorine  contamination  on 
the  target,  (This  was  found  to  remain  essentially  constant), 
The  proton  bombarding  energy  was  then  lowered  and  a  careful 
search  made  for  any  possible  resonances  in  the  gamma  ray 
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yield  for  proton  energies  between  200  keV  and  450  keV, 

In  the  range  of  proton  bombarding  energies  between 
200  keV  and  300  keV  the  yield  was  measured  for  an  incident 
charge  of  1.5  x  10”4  coulombs,  while  for  the  energy  range 
between  300  keV  and  450  keV  the  gamma  ray  yield  was  measured 
for  3  x  10"5  coulombs,  (It  was  not  possible  to  normalize 
the  amount  of  Li6  on  the  various  targets),  As  can  be  seen 
from  Figure  2-3b  no  evidence  of  a  resonance  was  found  which 
would  correspond  to  a  level  in  Be7  with  an  excitation  energy 
between  5,88  MeV  (Ep  =  200  keV)  and  6,14  MeV  (EP  =  450  keV) . 
This  places  an  upper  limit  on  the  resonance  cross  section 
for  the  reaction  Li6(p,y)Be7  of  about  5  x  10"3  ybarns/ 
steradian  in  the  region  below  EP  =  330  keV  and  about  1  x 
10"2ybarns  per  steradian  in  the  region  above  EP  =  350  keV, 

If  the  level  in  Be7  lies  between  the  excitation  energies 
5,89  MeV  (Ep  s  330  keV)  and  5,91  MeV  (EP  =  350  keV)  then 
it  would  be  very  difficult  to  detect  it  by  means  of  the 
present  type  of  experiment  due  to  the  radiation  from  the 
340  keV  resonance  in  fluorine  contamination. 

The  yield  curve  of  Figures  2-3a  and  2-3b  was  taken  at 
90°  to  minimize  the  background  radiation  from  the  walls 
of  the  target  room.  It  is  no  different  from  a  similar 
yield  curve  which  was  taken  at  55°  where  the  angular  dis¬ 
tribution  effects  will  be  a  minimum  for  the  decay  of  the 
3/2"  and  5/2“  levels  to  the  ground  and  first  excited  state 
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of  Be7  since  at  this  anple  the  P2(cos  o)  term  is  equal  to 
zero , 

Figure  2-4  is  the  theoretical  pamma  ray  spectrum  ex¬ 
pected  from  the  reaction  Li6(P,y)Be7  for  a  proton  bombarding 
energy  of  800  keV,  This  spectrum  has  been  calculated  on  the 
basis  of  the  branching  ratio  of  66%  to  the  ground  state  and 
34%  to  the  first  excited  state  reported  by  Bashkin  and 
Carlson  (Ba55),  and  Warren  et  al  (Wa56);  and  upon  the  line 
shape  as  determined  from  the  observed  shape  of  the  340  keV 
fluorine  resonance  spectrum,  (This  resonance  has  almost 
pure  6,13  MeV  radiation).  The  experimental  spectrum  for 
this  bombarding  energy  is  shown  in  Figure  2-5,  It  will  be 
noted  that  there  are  considerably  more  low  energy  counts 
than  are  predicted,  a  fact  also  noted  by  Warren  et  al, 

A  certain  amount  of  low  energy  counts  in  excess  of 
the  number  predicted  for  pure  Li6(p,y)Be7  radiation  is 
expected  since  it  is  known  that  the  contaminants  C12,  016, 
and  Fl9  are  present  in  significant  amounts.  In  addition 
to  the  gamma  radiation  from  these  contaminants ,  radiation 
from  minute  concentrations  of  other  contaminants,  not 
specifically  detectable,  will  add  to  the  general  beam  de¬ 
pendent  background. 

The  peaks  found  at  5,25  MeV  and  4,84  MeV  of  Figure 
2-4  are  too  large  by  factors  of  1,2  and  1,5  respectively. 

It  is  possible  that  this  can  be  explained,  in  part  at  least, 
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Figure  2-5 

Lis  (p)7)Bg7  Spectrum 
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by  the  presence  of  small  amounts  of  fluorine  radiation, 
since  at  a  bombarding  energy  of  400  keV  the  radiation  from 
the  fluorine  contamination  and  that  from  the  broad  6,35  MeV 
level  of  Be?  have  roughly  the  same  intensity  (Figure  2-6). 

The  energy  spectrum  obtained  with  a  proton  bombarding 
energy  of  300  keV  is  exhibited  in  Figures  2-7a  and  2-7b 
before  and  after  the  background  has  been  subtracted,  The 
intensities  of  the  various  gamma  ray  peaks  in  this  spectrum 
are  not  at  all  in  agreement  with  that  shown  in  Figure  2-4 , 
the  lower  energy  lines  are  much  too  intense  in  comparison 
with  the  full  photopeak  and  first  escape  peak.  It  is  not 
possible  to  explain  this  discrepancy  in  terms  of  fluorine 
radiation  since,  not  only  is  the  bombarding  energy  below 
the  energy  of  the  lowest  fluorine  resonance  which  was  ob¬ 
served  (340  keV) ,  but  the  position  of  the  first  fluorine 
escape  peak  at  5,62  MeV  falls  in  a  trough  of  the  observed 
Li6(p,y)Be7  spectrum.  The  possibility  that  there  might  be 
a  significant  amount  of  nitrogen  contamination  on  the  target 
which  was  giving  rise  to  the  observed  spectrum  was  checked 
by  running  over  the  relatively  strong  N14(p,y)015  resonance 
at  E p  =  1,06  MeV,  but  no  resonance  behaviour  could  be  found. 

This  would  seem  to  leave  two  possible  effects  which 
could,  individually  or  together,  explain  the  observed  spect¬ 
rum  shown  in  Figure  2-7b, 

1,  Radiation  is  being  observed  from  some  state  in  Be7 
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Figure  2- 7a 
Li6(p5/)Be7  Spectrum  plus 
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Figure  2- 7b 

6  7 

Li  (p,y)Be  Spectrum  (90') 
En  =  300  keV 


£l'9 — - 

Z8‘Q — - 

299 — - 

9£’8 — - 

M'S  — 

S  8  t?  — -~ 

2t ?‘t7 - 


1  1 

o  o 

O  CD 


13NNVH3  U3d  SlNflOO 


ENERGY  (MEV) 


19 


other  than,  or  in  addition  to,  that  at  6,35  MeV,  This  could 
be  the  4,53  MeV  level,  or  perhaps  the  level  for  which  we  are 
searching,  The  radiation  from  a  state  of  Be7  other  than  that 
at  6,35  MeV  would  presumably  have  a  different  decay  pattern 
for  the  de-excitation  gamma  rays ,  A  different  value  for  the 
branching  ratio  to  the  ground  and  first  excited  states  would 
be  expected  and,  it  is  possible  that  there  might  even  be 
cascades  through  the  4,53  MeV  state. 

2 .  The  radiation  from  some  contaminant  on  the  target 
other  than  C12,  01 6 ,  N14,  or  F1 9  is  being  observed,  However, 
no  other  single  contaminant  seems  to  be  able  to  account  for 
the  intensities  and  positions  of  the  observed  peaks. 

An  attempt  was  made  to  observe  the  Li6(p,y)Be7 
reaction  at  a  proton  bombarding  energy  of  220  keV,  but  the 
number  of  counts  was  so  low  that  no  difference  could  be 
noted  between  this  spectrum  and  the  background  spectrum  even 
after  the  target  had  been  bombarded  with  an  incident  charge 
of  9,5  x  ]0"4  coulombs  (Figure  2-8),  This  is  not  unexpected 
since,  on  the  basis  of  penetrabilities,  the  cross  section  for 
this  reaction  would  be  expected  to  decrease  by  a  factor  of  3 
in  going  from  300  keV  to  220  keV, 

The  ground  state  spin  and  parity  of  Li6  is  1+ ,  while 
that  of  the  6.35  MeV  level  of  Be7  is  5/2”  (according  to  the 
interpretation  of  Chesterfield  and  Spicer)  ,  therefore ,  in 
accordance  with  the  laws  of  conservation  of  angular  momentum 
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Li  (p>/)Be  Spectrum  (9°°) 
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and  parity  we  must  have  protons  with  an  t  value  which  satisfies 

the  followinp  relations: 

Tlc-,.5.  Li1,  ( ~l)(  ~  ~Tf  4  •  3  (>'  G  e  7  , 

I  I  f  t-  Vl  I  ^  Id..3f  Gc7 

All  odd  $  values  preater  than  1  satisfy  the  above  relations 
and  are  thus  able  to  form  the  6,3  5  MeV  ( 5/2 "" )  state,  If  the 
spin  and  parity  of  this  state  is  3/2+  as  listed  by  Ajzenberg- 
selove  and  Lauritsen  ( Aj  5  9 )  then,  in  order  to  satisfy  the 
above  relations,  J?  must  be  even.  Similarly  to  form  the 
proposed  3/2”  level  of  Be7  Jl  must  be  preater  than  or  equal 
to  one ,  and  odd , 

Table  2-1  tabulates  the  penetrabilities  of  L  =  0  and 
L  =  1  protons  on  Li6  for  a  number  of  proton  energies. 


TABLE  2-1 


Penetrabilities  of  L  =  0  and  L  =  1  protons  on  Li6 


Ep (keV) 

Penetrability  x 

L  =  0 

10  + 3 

L  =  1 

800 

29  5  , 

62  ,  5 

400 

10  7, 

12 . 5 

300 

66  ,  6 

6 ,24 

250 

41.6 

2,94 

220 

26  .  3 

2,00 

200 

19 , 2 

1.25 
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An  attempt  was  also  made  to  observe  the  radiation  from 
the  broad  6.35  MeV  level  of  Be7  for  proton  energies  above  the 
874  keV  fluorine  resonance,  but  the  fluorine  contamination  was 
such  that  this  was  not  possible.  Figures  2-9  and  2-10  are 
respectively  the  spectra  observed  from  the  Li6  target,  and 
from  the  F19  target  at  a  bombarding  energy  Ep  =  960  keV, 

There  is  no  significant  difference  in  the  shape  of  these  two 
spectra , 

Discussion 

It  would  appear  on  the  basis  of  a  comparison  of  the 
spectra  observed  at  EP  =  400  keV  that  the  targets  used  in 
this  experiment  had  considerably  more  fluorine  contamination 
than  did  those  of  Warren  et  al.  When  this  increased  fluorine 
contamination  is  taken  into  account,  the  spectra  taken  at 
EP  =  800  keV  are  essentially  in  agreement;  although  the 
possibility  that  some  other  level  of  Be7  or  some  additional 
contaminant  reaction  may  be  adding  to  the  intensity  of  the 
peaks  at  5,25  MeV  and  4,84  MeV  as  observed  in  this  experiment 
can  not  be  completely  ruled  out, 

In  agreement  with  the  results  of  Bashkin  and  Carlson 
exhibited  in  Figure  2-2  ,  no  evidence  of  a  resonance  in  the 
Li6(p,y)Be7  yield  was  found  in  the  region  Ep  =  200  keV  to 
Ep  =  450  keV,  However,  it  is  still  possible  that  such  a 
level  exists,  provided  that  the  state  either  has  a  low  cross 
section  for  this  reaction  or  else  is  a  broad  level  which 


Figure  2-9 
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Li  (p,y)Be  Spectrum  (90°) 
Er,  =  960  keV 
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merges  with  the  known  broad  level  at  6.35  MeV,  as  in  neither 
case  would  it  have  been  possible  to  observe  a  resonance  in 
the  gamma  ray  yield.  It  is  quite  probable  that  if  the  pro¬ 
posed  level  lies  in  this  excitation  region,  it  will  have  a 
large  cross  section  for  decay  into  a  He3  and  He^  particle, 
since  for  the  6.35  MeV  level  the  cross  section  for  this  mode 
of  decay  is  a  factor  of  10^  larger  than  the  competing  gamma 
decay  cross  section.  Also,  so  far  as  has  been  determined  by 
experiment,  the  4.53  MeV  state  decays  almost  completely  by 
breaking  up  into  a  Ee^  particle  and  an  alpha  particle. 

The  gamma-ray  spectrum  taken  at  E p  =  300  keV  would 
seem  to  indicate  that  some  state  of  Be?  other  than  that  at 
6.35  MeV  was  being  excited,  however  more  experimentation 
must  be  carried  out  before  a  final  judgement  can  be  made. 


jj 


■ 


23 


SECTION  3.  THE  ROTATIONAL  MODEL 

The  basic  premise  upon  which  the  "nuclear  shell  model" 
is  based  is  that  the  constituent  nucleons  move  in  a  spher¬ 
ically  svmmetric  binding  field,  representing  the  average 
effect  of  all  interactions  between  nucleons.  This  model  has 
been  very  successful  in  explaining  a  number  of  the  properties 
of  nuclei.  For  example:  (i)  magic  number  discontinuities  in 
binding  energies,  (ii)  beta-decay  systematics ,  and  alpha- 
decay  systematics,  (iii)  islands  of  isomerism,  (iv)  orders 
of  magnitude  of  magnetic  moments  of  odd  A  nuclei.  In  addition 
to  this,  it  has  also  been  quite  successful  in  predicting  the 
nuclear  ground  state  spins  and  parities. 

The  description  of  a  nuclear  state,  in  which  one  con¬ 
siders  the  independent  motion  of  nucleons  in  a  spherically 
symmetric  potential  well  (the  independent  particle  approx¬ 
imation)  is,  for  many  purposes,  a  rather  good  approximation  in 
the  case  of  closed  shell  configurations.  However,  for  nuclear 
configurations  with  several  particles  outside  of  a  closed 
shell,  it  is  necessary  to  consider,  also,  that  part  of  the 
nucleonic  interactions  which  are  not  contained  in  the  average 
field.  This  arises  due  to  the  fact  that  the  solutions  in  the 
independent  particle  approximation  are  degenerate,  and  hence 
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even  relatively  small  residual  interactions  among  nucleons  can 
introduce  important  correlations  in  the  motion  of  the  particles 
outside  of  the  closed  shell.  For  configurations  with  only  a 
few  particles  outside  of  a  closed  shell  one  may  attempt  to 
treat  the  correlations  by  considering  in  detail  the  coupling 
in  the  motion  of  these  few  nucleons.  However,  a  detailed 
treatment  along  these  lines  becomes  very  complicated  if  the 
number  of  particles  is  not  very  small.  Thus,  in  addition  to 
the  coupling  between  the  angular  momentum  of  the  particles , 
it  is  often  necessary  to  include  configuration  mixing  and 
interaction  with  closed  shells, 

One  of  the  main  difficulties  with  the  usual  independent 
particle  model  is  that  it  is  unable  to  predict  the  existence 
of  very  large  electric  quadrupole  moments  and  very  fast 
electric  quadrupole  gamma-ray  transitions.  The  experimental 
quadrupole  moments  are  as  much  as  thirty  times  as  large  as 
those  expected  on  the  basis  of  this  model,  and  a  large  number 
of  E2  transitions  in  the  rare  earth  region  of  the  periodic 
table  are  enhanced  by  more  than  a  factor  of  one  hundred, 

On  the  basis  of  configuration  interactions  it  would  be  neces¬ 
sary  to  have  a  strong  constructive  interference  between  the 
component  electric  quadrupole  amplitudes  in  order  to  obtain 
such  a  large  total  amplitude,  This  is,  in  effect,  a  defi¬ 
nition  of  collective  motion,  i.e,  the  only  way  in  which  one 
can  obtain  a  large  quadrupole  effect  is  if  many  charged 
particles  are  participating  in  collective  motion. 
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In  spite  of  this  apparent  complexity,  one  finds  that 
the  energy  spectra  of  nuclei  with  many  particles  outside  of 
a  closed  shell  exhibit  a  number  of  very  simple  features, 
which  vary  in  a  systematic  way  from  nucleus  to  nucleus. 

These  regularities  are  associated  with  the  fact  that  a  large 
part  of  the  correlations  between  the  particles  can  be  de¬ 
scribed  in  terms  of  ordered  collective  motion  of  the  nucleons  , 
corresponding  to  simple  variations  in  the  nuclear  shape.  One 
is  thus  led  to  a  generalization  of  the  "shell  model"  in  which 
the  binding  field  is  no  longer  assumed  to  be  a  static  iso¬ 
tropic  potential,  but  rather  a  slowly  varying,  non-spherically 
symmetric  field.  The  introduction  of  such  a  field  means  that 
the  nuclear  shape  and  orientation  must  be  considered  to  be 
dynamical  variables.  These  variables  are  associated  with  the 
collective  types  of  nuclear  motion  which  accompany  variations 
in  the  binding  field.  The  interplay  between  these  collective 
modes  of  motion,  and  the  individual  particle  motion  forms  the 
basis  of  the  "unified  nuclear  model". 

The  first  problem  which  must  be  solved  is  the  determin¬ 
ation  of  the  nuclear  equilibrium  shape.  If  the  nucleus  had 
an  amorphous  structure  like  a  liquid  drop,  the  spherical  state 
would  have  the  lowest  energy,  but  the  shell  structure  implies 
a  tendency  for  distortions  of  the  nuclear  shape  since  the 
orbits  of  individual  particles  are  strongly  anisotropic,  A 
simple  description  of  this  deformation  effect  was  first  given 
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bv  Rainwater  (Ra50),  According?  to  this  description  a  nucleon 

moving  in  a  nuclear  potential  with  a  deformable  surface  exerts 
a  centrifugal  pressure  which  tends  to  produce  an  oblate  defor¬ 
mation  of  the  nuclear  surface,  In  closed  shell  configurations, 
the  nucleonic  orbits  are  orientated  equally  in  all  directions 
so  that  the  nucleus  will  have  a  spherical  equilibrium  shape, 
but  particles  in  unfilled  shells  will  tend  to  deform  this  shape. 

The  variable  anisotropic  binding  potential  includes  a 
large  portion  of  the  nucleonic  interactions  in  the  average 
field,  but  significant  residual  interactions  between  particles 
remain  (those  interactions  which  can  not  be  considered  part  of 
the  average  binding  field  of  the  nucleus),  to  give  rise  to  the 
characteristic  differences  in  binding  energies  of  even-even, 
odd-A,  and  odd-odd  nuclei  (the  pairing  effects),  These  pair¬ 
ing  forces  tend  to  couple  two  equivalent  nucleons  together  to 
form  a  state  of  zero  total  angular  momentum,  i ,e ,  a  spherically 
symmetric  state.  The  pairing  forces  then,  to  some  extent, 
counteract  the  tendency  of  individual  nucleons  to  deform  the 
nuclear  shape.  The  nuclear  equilibrium  shape  and  the  char¬ 
acter  of  the  collective  modes  of  motion  can  be  understood  in 
terms  of  the  competition  between  these  two  effects  -  the  de¬ 
forming  power  of  the  individual  nucleons  and  the  effect  of  the 
pairing  forces , 

In  the  region  of  the  closed  shells,  the  pairing  effects 
dominate  so  that  the  nuclear  equilibrium  shape  is  spherical 
and  the  individual  particle  spectrum  may  be  obtained  by 
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considering  particle  motion  in  a  spherical  field  as  in  the 
"shell  model".  It  is  to  be  expected,  however,  that  in  these 
regions  the  nuclei  will  also  have  modes  of  excitation  cor¬ 
responding  to  collective  vibrations  about  the  equilibrium 
shape , 

The  addition  of  particles  leads  to  the  nucleus  becom¬ 
ing  softer  against  deformations  (Ra57),  This  softening 
manifests  itself  as  a  decrease  in  the  frequency  for  collective 
vibrations  about  the  spherical  equilibrium  state.  For  suf¬ 
ficiently  many  particles  outside  of  a  closed  shell,  the 
spherical  shape  becomes  unstable  and  the  nucleus  acquires  an 
ellipsoidal  equilibrium  shape  (Mo57)»  For  such  nuclei  the 
collective  motion  separates  into  rotational  and  vibrational 
modes.  The  former  correspond  to  rotations  of  the  nuclear 
orientation  with  the  preservation  of  shape,  and  possess  very 
low  excitation  energies,  while  the  latter  correspond  to 
ocsillations  about  the  anisotropic  equilibrium  shape.  It  is 
to  be  expected,  of  course,  that  for  certain  nuclei  the  coupl- 
ling  between  the  collective  and  intrinsic  modes  (those  degrees 
of  freedom  which  correspond  to  the  excitation  of  individual 
nucleons  rather  than  the  nucleus  as  a  whole) ,  or  between  the 
various  collective  modes  of  motion,  will  be  such  as  to  give 
rise  to  a  very  complicated  structure  of  nuclear  states, 

In  what  follows  we  will  be  dealing  with  the  "rotational 
model",  a  special  form  of  the  "unified  model",  That  is,  it 
will  be  assumed  that  the  nuclei  are  non-spherical  but 
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essentially  spheroidal,  and  in  addition  that  the  nuclear 
motion  separates  into  intrinsic  and  rotational  modes,  (Tor 
the  purpose  of  this  discussion  the  vibrational  modes  are 
included  in  the  intrinsic  mode  classification), 

The  collective  rotation  of  an  axially  symmetric 
nucleus  has  a  number  of  similarities  with  the  rotation  of  a 
symmetric  top,  and  for  this  reason  we  will  consider  briefly 
the  motion  of  a  symmetric  top.  Let  us  denote  a  set  of  mutually 
perpendicular  axis  which  are  fixed  in  the  rotatinp  body  as  the 
1,  2,  3  axes,  the  last  of  which  is  to  be  taken  along  the  sym¬ 
metry  axis,  The  orientation  of  this  body  fixed  set  of  axes  is 
specified  by  three  Euler  anples  a,  3,  y,  Because  of  the  axial 
symmetry  of  the  top,  two  of  the  principal  moments  of  inertia 
are  equal,  The  Hamiltonian  of  the  system  is  then  given  by: 

=  £(Rl-R/)  +  R?  '  0 


where  O3  and  Q-  denote  respectively  the  moments  of  inertia  for 
rotations  about  the  symmetry  axis  and  about  an  axis  perpendic¬ 
ular  to  the  symmetry  axis  and  the  denote  the  components  of 
angular  momentum  along  the  corresponding  body  fixed  axes. 

The  eigenfunctions  of  the  symmetric  top  are  the  well 
known  jS>  functionst.  The  action  of  the  angular  momentum 


t  The  functions  can  be  considered  to  be  either  the  trans¬ 

formation  functions  for  spherical  harmonics  under  finite  ro¬ 
tations,  or  the  irreducible  representations  of  the  2L  +  1 
dimensional  rotation  group,  We  thus  have: 

Ylm  (<&,(#)  =  1  •) 

P0nn'(^,^Y)  =  eL '  ^  (ft)  6U  '  X 


and 


) 


where  the  Q)  M  lvl' 
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operators  upon  these  functions  can  be  expressed  as 

follows : 

X?  k  —  M  dOz)  n  k  5 

1 3  —  K,  <^S)  r*  i<  i  (5?) 

Thus  the  solutions  correspond  to  a  total  angular  momentum  I, 
angular  momentum  M  along  the  z  axis  ,  and  angular  momentum  K 
along  the  3  axis  (we  must  of  course  have  |K  |  and  IMI^I), 

The  rotational  motion  of  a  nucleus  differs  from  that 
of  a  symmetric  top  in  one  very  important  respect,  namely;  we 
must  treat  explicitly  the  degrees  of  freedom  associated  with 
excitations  of  the  loosely  bound  nucleons,  e,g,  the  unpaired 
nucleon  in  an  odd-A  nucleus.  The  intrinsic  wavefunction  (i,e, 
the  wavefunction  which  is  obtained  when  one  assumed  a  static, 
spherically  symmetric  binding  potential)  ,  is  not  an  eigen¬ 
function  of  the  total  intrinsic  angular  momentum  j  since  the 
actual  potential  is  spheroidal  and  slowly  varying.  However, 
since  the  potential  is  axially  symmetric,  the  3-component  of 
the  intrinsic  angular  momentum  will  be  a  constant  of  the 
motion  which  we  will  denote  by  Q ,  We  will  now  designate  the 
intrinsic  wavefunction  by  aX  where  t  refers  to  all  of  the 
quantum  numbers  which  are  needed  in  addition  to  to  char¬ 
acterize  the  intrinsic  state.  This  wavefunction  is,  of  course, 
a  function  only  of  the  particle  co-ordinates  in  the  body  fixed 


system. 
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We  now  divide  the  total  angular  momentum  of  the  system 
(  I  )  up  into  intrinsic  and  rotational  parts,  5*  an<3  R  =  I  -  3* 
respectively.  The  nuclear  Hamiltonian  can  then  be  expressed 
as  : 

H  -  +  Tv^  ,  (D 

p'3 

where  H^0t)  =  irn  +  V(ft)  , 


and  by  analogy  with  (7) 

Turf  :8=>  (iv - J*)5'  =  &  [  ( £  ~ J )  -  (1 3-J3) 


In  the  above,  T^t  is  the  total  kinetic  energy  associated 
with  the  rotational  motion. 

We  can  now  expand  the  above  by  expressing  as  the 

sum  of  two  terms: 


I  r~~er^.  I  rurt  t"  .  *  (T) 

and  T«^J.  =  ~  iT  .  . 

T^rf  can  be  thought  of  as  an  ordinary  rotational  term  in  that 
it  is  diagonal  in  both  the  and  representations, 

T is  the  sum  of  a  diagonal  and  a  non-diagonal  element, 
and  will  be  expressed  as  such: 

T~v-  =-  -  R.  P.c.  ,  © 

where  R,P,C,  is  what  is  usually  defined  to  be  the  rotation 
particle  coupling.  If  the  particle  is  tightly  bound  to  the 
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rotor,  i.e,  if  the  energy  splittings  of  H<^  are  large  with 
respect  to  the  rotational  energies ,  then  the  off  diagonal 
matrix  elements  of  R.P.C,  can  be  neglected  as  small  pertur¬ 
bations  , 

The  above  expression  for  the  nuclear  Hamiltonian  can  be 
further  simplified  if  we  recall  that  an  axially  symmetric 
equilibrium  shape  has  been  assumed.  If  such  is  the  case,  it 
is  then  impossible  to  distinguish  orientations  of  the  nucleus 
which  differ  only  by  a  rotation  about  the  symmetry  axis,  and 
this  means  that  we  must  have  R3  =0,  With  this  simplifica¬ 
tion  we  have: 

© 

so  that  the  nuclear  Hamiltonian  can  be  expressed  as: 

H  -  l-UW)  *  £[<r*-JVaj:,J>]  .  © 

A  normalized  eigenfunction  of  this  Hamiltonian  is: 

~  (^jrTi)X  Ktl.  K  V)  • 

This  wavefunction  must  be  refined  to  take  into  account 
the  assumed  symmetry  properties  of  the  nuclear  shape.  The 
existence  of  axial  symmetry,  which  was  used  to  simplify  the 
nuclear  Hamiltonian,  implies  that  the  nuclear  wavefunction 
must  be  invariant  with  respect  to  an  arbitrary  rotation  of  the 
body-fixed  reference  frame  about  the  symmetry  axis.  Such  a 
rotation  through  an  angle  <{>  has  the  effect  of  transforming 
the  Euler  angles  a,  3,  y  into  a,  3,  y  +  <J>  so  that 
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and 


The  exponents  in  the  above  two  equations  have  opposite 


function  is  the  wavefunction  of  the  body 


system  with  respect  to  the  laboratory  system,  while  the 
intrinsic  function  is  the  wavefunction  with  respect  to  the 
body  system.  For  the  nuclear  wavefunction  to  be  invariant  we 
clearly  must  have: 


i(K-si)ip 


e 


K  =  -a 


or 


A  spheroid  has  another  important  symmetry  property 


which  must  be  induced  onto  the  nuclear  wavefunction.  This 
property  is  its  invariance  with  respect  to  rotations  of  180° 
about  any  axis  going  through  its  center.  Let  us  consider  a 
rotation  of  180°  about  the  1-axis  (x-axis)  -  this  transforms 
the  Euler  angles  a,  6,  y  into  tt  +  cx,  it- 6,  y,  and  results  in 


the  following  transformations 


functions : 


To  see  the  effect  of  this  transformation  on  the  intrinsic 
wavefunctions  we  must  decompose  them  into  eigenfunctions  of 
j .  That  is 


V*.  =  £  cJA  , 
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and  the  rotation  changes  these  eigenfunctions  as  follows: 

-,-v  |*  -  tt  t  ( j  +  A)  _  r  t 

Aa.  An.. 

The  reason  for  the  difference  in  signs  is  the  same  as  before. 
We  must  now  consider,  separately,  the  two  cases  K  = 
and  K  =  ft  =  0,  For  the  first  case,  invariance  with  re¬ 
spect  to  the  above  rotation  requires  that  the  wavefunction 
be  a  linear  combination  of  two  products.  Namely: 


-  ( / 4 tt1-  )  (a'IhOmk  (®i)  f  '  l(-i< (©t) ]  j  (^) 

where  the  term  (-l/  is  to  be  understood  to  act  separately 

on  each  of  the  j-components  of  the  intrinsic  wavefunction. 

If  K  =  ft  =  0  then  the  product  function  is  of  the  form: 


X?'  =  Xo  (aO  Yin  (6i)  .  (To) 

In  this  wavefunction,  however,  only  certain  values  of  I  can 
occur.  In  particular,  if  the  intrinsic  wavefunction  contains 
only  even  values  of  j ,  then  the  total  I  of  the  nucleus  must 
also  be  even  in  order  that  there  be  a  non-vanishing  wave- 
function,  This,  indeed,  occurs  for  the  low  lying  states  in 
even-even  nuclei. 

The  above  symmetrization  of  the  wavefunction  which  we 
have  carried  out  guarantees  that  the  parity  of  a  nuclear 
state,  defined  by: 

=  Try  0()  =  iTflA), 

be  the  same  as  the  parity  of  the  intrinsic  wavefunction. 
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This  can  be  seen  quite  simply;  an  inversion  of  the  co-ordin¬ 
ates  of  all  particles  in  the  nucleus  is  equivalent  to  (i)  an 
inversion  of  all  of  the  co-ordinates  which  appear  in  the 
intrinsic  wavefunction  and  (ii)  an  inversion  of  the  nuclear 
surface  through  the  origin.  The  first  operation  either  leaves 
the  wavefunction  unchanged  or  changes  its  sign  according  to 
whether  the  parity  of  the  intrinsic  wavefunction  is  even  or 
odd.  The  second  operation  is  essentially  equivalent  to  a 
rotation  of  the  surface  through  180°  about  an  axis  through 
its  center,  which  by  our  construction  leaves  the  wavefunction 
invariant , 

With  the  nuclear  Hamiltonian  of  the  form  (8)  and  the 
wavefunction  of  the  form  ©  or  (40),  the  energy  spectrum  can 
be  determined  immediately  to  be: 


EkCi)  =  El  +  + 


i  © 

where  Ek  is  a  constant  term  independent  of  I  which  is  to  be 
chosen  such  that  the  ground  state  energy  of  the  band  will 
have  the  observed  value.  The  R,P,C,  term  has  been  neglected 
as  a  small  perturbation  -  it  does  not  alter  the  form  of  the 
energy  spectrum  except  when  K  =  1/2  (Mo57), 

Figure  3-1  shows  the  coupling  * 

scheme  for  axially  symmetric  nuclei. 

We  have 


I  -  Ke3  +  R  , 


Fig.  3-1 
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where  is  a  unit  vector  in  the  direction  of  the  symmetry 

-V 

axis  and  R  is  the  rotational  angular  momentum.  From  the 
result  that  K  =  we  know  that  the  angular  momentum  parallel 
to  the  symmetry  axis  is  entirely  of  intrinsic  origin,  so  that 
R  must  be  perpendicular  to  the  symmetry  axis,  This  means 
that  we  must  have  I  ^  I K I ,  From  this  result  and  the  form 
of  the  energy  spectrum  we  can  see  that  the  rotational  band 
will  have  a  ground  state  spin  ID =  K  and  an  energy  spectrum, 
relative  to  the  ground  state,  which  is  given  by: 


E* 


it 

ZT 


rfr+i)  -i.n„  + 1) 


For  even-even  nuclei,  the  lowest  rotational  band  has 
I0 =  0  and  a  spin  sequence  0,  2,  4,  ,,,,  (odd  values  of  I 
are  forbidden  due  to  the  inversion  symmetry) ,  It  has  been 
found  experimentally  that  the  actual  energy  levels  of  even- 
even  nuclei  in  the  ranges  155  ^  A  185  ,  A  >,  225  and  A  25 
agree  very  well  with  this  prediction  (Bo55,  Li56,  Br62), 

Odd-A  Nuclei  also  exhibit  easily  recognizable  rotat¬ 
ional  spectra,  although  they  are  more  sensitive  to  the 
details  of  the  intrinsic  motion  than  are  even-even  nuclei. 
According  to  the  above  equation  for  the  energy,  the  spin 
sequence  for  odd-A  nuclei  will  be  I0  ,  Iu  +  1 ,  I0  +  2 ,  ,,,, 
Once  again  experiment  has  confirmed  that  this  is  indeed  the 
correct  form  for  the  energy  variation  (A156), 

For  the  special  case  of  K  =  1/2  there  is  usually  a 
substantial  deviation  from  the  simple  rotational  spectrum 
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as  described  above,  since  in  this  case  the  interaction  term 


3 


is  of  importance,  The  rotational  bands  with  K  =  1/2  require 

a  special  discussion  because  of  the  possibility  that  the 
intrinsic  spin  of  the  last  odd  nucleon  may  not  be  able  to 
follow  the  rotation  of  the  nucleus.  We  can  see  qualitatively 
the  necessity  for  an  additional  term  in  the  expression  for 
the  rotational  energy  by  considering  the  case  of  a  single 
nucleon  in  an  Sya  state  coupled  to  an  even-even  nucleus  with 
K  =  0,  Since  the  s>,z  state  has  a  spherically  symmetric 
density  distribution,  the  energy  of  the  system  must  be  in¬ 
dependent  of  the  manner  in  which  the  angular  momentum  of  the 
added  nucleon  is  coupled  to  the  rotational  angular  momentum 
of  the  even-even  core.  This  gives  rise  to  an  energy  spectrum 
of  the  form  (Bo60): 


To  determine  the  more  general  form  of  the  energy 
variation  for  the  case  K  =  1/2  we  must  first  consider  the 
action  of  the  components  of  the  total  angular  momentum  I 
and  the  intrinsic  angular  momentum  j  upon  the  wavef unctions 
and  ,  We  will  also  need  to  know  the  commutation 

rules  which  are  satisfied  by  these  operators,  We  have: 


© 


Where  the  subscripts  x,  y,  z,  refer  to  the  components  in 
the  laboratory  fixed  reference  frame,  and 


1  to  H' :  :  r  &  iJ’O  ::  cr'-  ]' 


b  .£  : ,  o '  j  ... 


or 


■  v 


37 


? 


J,  k  j'z  j I  C  Jj  y  (f^) 

where  the  subscripts  1,  2,  3,  denote  the  components  in  the 
body  fixed  reference  frame,  By  making  cyclic  permutations 
of  the  indices  the  rest  of  the  commutation  relations  can 
be  obtained  from  those  above.  In  addition,  all  components 
of  j  commute  with  all  those  of  I,  Equations  (Q)  and  (f£)  have 
the  usual  form  for  angular  momentum  commutation  relations, 
but  equation  ((£)  has  the  opposite  sign  to  that  which  is  nor¬ 
mally  expected,  The  occurrence  of  this  difference  in  sign 
can  be  understood  in  terms  of  the  previous  explanation  of 
the  difference  in  sign  between  the  action  of  the  <?Omi<  and 
77<J  functions  under  rotations  ,  if  we  consider  the  fact  that 
an  arbitrary  rotation  of  the  body  fixed  reference  frame  has 
exactly  the  same  effect  on  the  ,;-0  functions  (upon  which 
the  I’s  operate)  as  a  rotation  of  the  laboratory  fixed  re¬ 
ference  frame  about  the  same  axis  and  by  the  same  angle  ,  but 
in  the  opposite  direction, 

Using  equations  (2)  and  (jj)  one  can  show  that  (see  for 


example  Ro57) 


(x,  +■  L  =  I±  - 

The  intrinsic  wavefunctions 
•e  functions : 


[  (i-  K)(T  +  K  +■  I )  ]  kt  i  •  (jj) 
satisfy  similar  relations  to  the 
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(j.  ±  =  JiXU  =  [(JT  K)(jiK+  I)  '*  Tk ' 


and 


j  y^J  -  1/  •v'tjj 
03  Ak  ~  l\  Ak 


We  now  wish  to  use  the  above  relations  to  calculate  the 
matrix  elements  of  the  R.P.C,  term.  To  do  this  we  must 
first  note  that 

X-J  =  X  .J,  +  IW*  -i-  ijs 

■X -  T  -“-3  ^  J 

©) 


-  +  x,  i 


so  that 


R .  P.  C.  =  -  [  i,  j .  +•  i.jV 

Using  this  expression  for  R,P,C,  and  relations  (jj)  and  ([$)  it 
is  very  easy  to  obtain  the  following  relations 

OX  Bn K,  I R.  P.  C.  |  XX  S,<i)Ki 

All  other  matrix  elements  of  R.P.C,  are  zero. 

For  the  special  case  of  K  =  1/2  equation  (^5)  reduces  to 

a?iJ >©£»  IR.  p.c.  |XTi^-vP  =  -  g  ,  0 

Thus,  we  have  that  the  rotation  particle  coupling  energy  is 
of  the  form  (Ke59): 

er.rc.  =  [  (- o1 + 4  \  ('! y /i  i  Cvi  p(  j  t  v2 ) 

One  usually  defines  a  parameter  ck  such  that 

i-'4  i*  , . 
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in  which  case  we  have  an  energy  spectrum  given  by: 


Ek  (i)  -  Ek  [(£  * ')  I  “2-^  +  Shtj'/i  df-1)1  /l  (l  +  ’4)]  ,  iQ) 


The  quantity  Q.  is  referred  to  as  the  decoupling  para¬ 


meter  since  its  presence  in  the  energy  relation  corresponds 
to  a  partial  decoupling  of  the  particle  motion  from  the 
rotational  motion. 

In  general,  the  rotational  spectra  corresponding  to 
the  two  close  configurations  K  and  K  +  1  (with  the  same  I) 
will  be  mixed  by  the  R.F.C,  The  resulting  energy  spectrum 
is  given  by  (Ke56): 


and 


In  addition  to  the  correction  to  the  energy  spectrum 


due  to  the  R,P,C,,  there  will  be  a  correction  arising  from 
the  coupling  between  the  rotational  and  vibrational  motions, 
This  correction  is  usually  approximated  by  a  term  of  the 
form  ( Br5  7 ) : 


With  all  of  these  corrections  we  have  a  general  rotat¬ 
ional  energy  spectrum  which  is  given  by: 


£„f I)  -  Ek  +■  (I-M)  +  Sk.'/jQ.  +  *  (i  +  '/i)] 
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For  most  nuclei  to  which  the  rotational  model  can  be  applied, 
the  first  two  terms  of  the  above  are  sufficient  to  predict 
the  observed  energy  spectrum, 

APPLICATION  TO  Li 7 

Li 7  and  Be7  are  mirror  nuclei  -  that  is  they  differ 
only  in  that  the  odd  proton  in  Li7  is  replaced  by  an  odd 
neutron  in  Be7,  If  the  neutron  and  the  proton  had  the  same 
masses  ,  and  if  the  nucleon-nucleon  forces  were  charge  in¬ 
dependent ,  then  this  pair  of  mirror  nuclei  should  have  ex¬ 
actly  the  same  energy  level  scheme.  In  actual  fact,  however, 
the  mass  difference  of  the  neutron  and  proton  and  the  coulomb 
repulsion  between  the  protons  are  not  completely  negligible. 
The  specifically  nuclear  forces  are  charge  independent,  i,e, 
they  are  the  same  whether  proton  -  proton,  proton  -  neutron, 
or  neutron  -  neutron  (Pr62),  It  is  consequently  to  be  ex¬ 
pected  that  only  the  general  pattern  of  the  level  system  of 
a  pair  of  mirror  nuclei  will  be  the  same.  For  instance,  if 
in  one  of  the  nuclei  the  first  excited  state  has  a  given 
spin  and  parity,  it  is  to  be  expected  that  a  state  with  these 
properties  will  occur  in  the  mirror  nucleus  also,  at  approxi¬ 
mately,  but  not  exactly  the  same  excitation  energy.  This 
behaviour  is  indeed  found  in  the  mirror  pairs  such  as  .B*1 

b  b 

-  T1'  ,  cC*3  -  _N*3,  and  o0*6-  QF*6  in  addition  to  the  known 

bb  b  7  7b  o  y  y  o 

levels  of  3Li7  -  4Be7  (Aj59), 

The  repulsive  electrostatic  forces  between  protons 
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gives  rise  to  a  coulomb  potential  energy,  Ec  which  reduces 
the  binding  energy  due  to  nuclear  forces,  A  precise  calculat¬ 
ion  of  this  energy  would  require  a  good  knowledge  of  the  wave- 
functions  of  the  protons  ,  but  the  main  features  of  the  result 
can  be  obtained  with  relatively  simple  considerations.  For  a 
spherically  symmetric  charge  distribution  Z o.  O0\)  the  electro¬ 


static  field  is 


n)  -  ^ 


pin)  ip  cl ^ 


While  the  potential  is 


Vu)=  *ep  > 

n.  0 

and  the  Coulomb  energy  of  the  whole  distribution  is 


=o 


=  yx  VtA)  R  h  A^cln  . 

For  a  sphere  of  radius  R  of  constant  charge  density  and  total 
charge  Ze ,  the  Coulomb  energy  becomes 

E,  =  %  . 

Using  this  formula  the  Coulomb  energy  correction  for  a  mirror 
pair  with  charges  Ze  and  (Z  -  l)e,  assuming  a  constant  nuclear 
radius ,  would  be 

A  Ec  —  3/ip 


_  3/ 

-  /sr  r 


a*-'  ]  . 


For  the  mirror  pair  3Li£  -  4Be^  this  energy  is  2,13  MeV. 
To  obtain  the  actual  energy  difference  between  these  two  nuclei , 
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the  energy  equivalent  to  mp  -  (  -  1,294  MeV)  must  be 

added  to  the  coulomb  energy.  This  calculated  energy  dif¬ 
ference  equal  to  0,84  MeV,  is  quite  close  to  the  measured 
Be7  -  Li7  ground  state  mass  difference  of  0,863  MeV,  This 
would  indicate  that  the  approximations  upon  which  the  Coulomb 
energy  Ec  was  calculated  are  quite  good  as  far  as  these  two 
nuclei  are  concerned.  For  a  detailed  treatment  of  this 
energy  difference  various  neglected  effects  must  be  consid¬ 
ered,  These  include  (1)  non-uniformity  of  the  average 
desity  yO(n)  ,  (2)  the  requirement  that  the  charge  be  treated 

as  residing  on  discrete  protons,  (3)  the  quantal  effects 
of  incomplete  localization  of  protons,  and  (4)  non-spher¬ 
icity  of  the  nucleus.  These  effects  will  not  only  alter  the 
Coulomb  energy  correction  for  the  ground  state,  but  will  also 
introduce  changes  in  going  from  one  excited  state  to  another, 
i,e,  the  Coulomb  energy  correction  will  not  be  a  constant  for 
all  levels  of  a  nucleus, 

The  energy  difference  correction  for  the  proposed  5,62 
MeV  (3/2”)  state  of  Li7  and  the  corresponding  state  in  Be7 
can  be  roughly  estimated  from  the  known  corrections  for  the 
7,47  MeV  (5/2”),  6,58  MeV  (5/2"),  4,63  MeV  (7/2”),  and  0,478 
MeV  (1/2”)  levels,  The  correction  as  estimated  in  this  manner 
is  0,73  MeV,  i,e,  the  coulomb  energy  correction  is  130  keV 
less  for  this  state  than  for  the  ground  state.  This  means 
that  the  level  in  Be7  which  corresponds  to  the  predicted 
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5,62  MeV  (3/2”)  level  of  Li  7  should  have  an  excitation 
energy  of  about  5,5  MeV, 

It  is  thus  expected  that  an  analysis  of  Li7  should 
hold,  insofar  as  its  general  features  are  concerned,  for  Be7 
also,  Li 7  has  been  dealt  with  by  Chesterfield  and  Spicer 
since  more  data  are  available  on  it  than  on  Be7, 

Chesterfield  and  Spicer  (Ch63)  have  calculated  a  theo¬ 
retical  energy  spectrum  for  Li7  based  on  the  rotational 
model  which  was  described  above,  In  order  to  carry  out  the 
calculations  it  was  necessary  for  them  to  assume  a  specific 
form  for  the  intrinsic  Hamiltonian  Hu,w^c  (a')  in  equation 
Q) ;  to  this  end  the  ’’Nilsson  Potential"  was  assumed,  This 
potential  is  obtained  by  starting  with  an  anisotropic  oscil¬ 
lator  potential  and  adding  two  terms;  D 1  "i  which  favours 
high  J?  values,  and  C  $‘4  a  simple  form  for  the  spin  orbit 
coupling.  The  resulting  Hamiltonian  then  has  the  form: 

H^cn-)=  ^  (Loix3-*  +  uii3)  +  Ci-*  +  DM.  @ 

For  the  special  case  of  axial  symmetry  the  u's  are  related 
as  follows: 

ijji  -  Uy  ~  (  it  V3  S  )  } 

Cl  -  ^3  S  )  J 

where  S  is  a  measure  of  the  distortion  of  the  nucleus. 

Since  nuclear  matter  is  usually  considered  to  be  incompressible 
we  must  have  the  deformations  of  the  nucleus  taking  place  at 
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constant  volume ,  -  this  leads  to  the  requirement  that 


UJo  ( &) 


(  I  +  V3  ^ 


fi)0  is  the  value  of  <4,(6)  for  no  deformation  (6  =  0), 
Nilsson  (Ni55)  has  given  an  estimate  of  w0  , 


f)  (X)o  =  ^  /  A' /3  , 

however,  Chesterfield  and  Spicer  rather  than  using  this 
value  chose  f)duu  such  that  the  best  overall  fit  to  the  known 
level  scheme  was  obtained.  The  value  which  they  used 
(22,4  MeV)  is  close  to  that  obtained  from  41A"I/3  (21,5  MeV)  , 

It  is  customary  to  define  two  new  parameters  which 
simplify  calculation 


CaJo  ^ 

where  C  is  the  coefficient  of  the  term  in  the  nuclear 

potential . 

For  each  value  of  the  distortion  n  a  wave  function 
and  a  level  order  is  obtained  (see  for  example  the  plots  of 
Nilsson),  In  order  to  reproduce,  as  closely  as  possible, 
the  energy  levels  and  wavefunctions  as  predicted  by  the 
shell  model  it  is  necessary  to  choose  the  coefficient  D  in 


formula 


to  be  equal  to  zero  for  particles  filling  the  s, 


p,  and  d  shells. 


Using  the  above  considerations  Nilsson  has  shown  that 
for  a  particular  orbit  characterized  by  quantum  numbers  N,  fi 
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the  nuclear  Hamiltonian  Huvv4  (h')  has  eipenvalues 

Ek  =  (Nk  +3/1)^w„(s)  +  xtA  r^s)  .  (fo) 

Here  N  is  the  total  number  of  oscillator  quanta,  ft  is  the 
projection  of  the  total  intrinsic  anpular  momentum  j  on  the 
nuclear  symmetry  axis  as  defined  in  the  previous  section,  K 
numbers  the  different  eigenvalues  of  each  Nilsson  orbital, 

i-NA  ,  ,  ,  ,  , 

and  [«  is  an  eigenvalue  difmed  and  tabulated  by  Nilsson, 

This  eigenvalue  arises  when  the  non-spherically  symmetric 
portion  of  the  Hamiltonian  in  equation  (H<^t,  - 
is  diagonalized  for  a  sequence  of  n  values. 

Chesterfield  and  Spicer  calculated  the  energy  spectrum 
as  given  by  equations  (3J)  and  (To)  for  various  values  of  k  and 
found  that  the  most  satisfactory  overall  agreement  with  the 
known  data  was  obtained  for  <  =  0.08,  the  value  suggested  by 

Mottleson  and  Nilsson  (Mo59),  was  adjusted  so  as  to  give 

a  best  fit  to  the  available  data.  (It  was  noted  that  these 
values  of  varied  with  the  deformation  in  approximately 
the  manner  predicted  by  Skyrme  (Sk57)  ),  Finally,  it  was 
determined  that  both  the  R,P.C.  and  the  rotation  -  vibration 
interaction  terms  were  negligible  perturbations  to  the  rotat¬ 
ional  energy  spectrum. 

In  calculating  the  energy  level  scheme,  states  obtained 
from  many  particle  excitations  were  neglected  on  the  grounds 
that  they  would  be  more  difficult  to  form  than  would  single 
particle  excitations. 
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The  energy  spectrum  obtained  from  equation (ij)  is  correct 
only  if  no  pairs  are  made  or  broken  in  the  course  of  the  ex¬ 
citation  of  the  nucleus,  but  the  intrinsic  state  corresponding 
to  the  fourth  excited  rotational  band  (the  second  band  based 
on  K  =  1/2+) arises  when  a  pair  of  protons  in  the  s  shell  is 
broken  and  a  pair  is  made  in  the  p  shell, 

This  pairing  energy  difference  between  the  s  and  p 
shells  can  plausibly  be  obtained  from  the  difference  in  energy 
between  the  He4  (y,p)  and  Be8  (y,p)  thresholds.  The  energy 
required  to  remove  a  proton  from,  the  s  shell  is  given  by  the 
He4  (y,p)  threshold,  while  that  required  to  remove  a  proton 
from  the  p  shell  is  presumably  given  by  the  Be8  (y,p)  thres¬ 
hold  since  Be8  ,  which  can  be  described  as  two  virtually  free 
alpha-particles  (bound  by  -  94  keV) ,  one  composed  of  s 
nucleons  and  the  other  of  p  nucleons ,  has  a  threshold  that 
is  lower  than  the  He4  (y,p)  threshold.  However,  Be8  is 
unstable,  breaking  up  into  two  alpha-particles  in  less  than 
4  x  10"15  seconds.  This  means  that  a  direct  measurement  of 
the  Be8  (y,p)  threshold  is  not  possible.  Chesterfield  and 
Spicer  have  estimated  this  threshold  using  the  mass  values 
given  by  Konig  et  al  (Ko62),  i,e,  they  assumed  that  the 
Be8  (y,p)  threshold  was  given  by: 

Be8  (y,p)  threshold  =  Mass  (Be7)  +  Mass  (proton) 

-  Mass  ( Be8 ) , 

The  pairing  energy  difference,  as  estimated  in  this  manner, 
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is  2,56  MeV  for  the  s  and  p  shells  of  Li7, 

In  figure  3-2  is  shown  the  predicted  level  scheme 
along  with  the  Li 7  levels  known  from  experiment, 

It  will  be  noted  that  the  first  three  states  are  all 
predicted  to  be  members  of  a  rotational  band  based  on  the 
0,478  MeV  (1/2")  state,  and  have  spins  3/2”,  1/2",  and  7/2”, 
The  I71  =  5/2"  member  of  this  band  is  predicted  to  be  at  an 
excitation  energy  of  6,27  MeV,  Chesterfield  and  Spicer 
identify  this  level  with  the  broad  6,58  MeV  (3/2+)  level.  To 
substantiate  this  they  give  recently  published  experimental 
evidence  (To62)  to  show  that  the  spin  of  this  state  could 
very  well  be  5/2", 

With  this  interpretation  of  the  6,5  MeV  state  it  is 
then  necessary  to  postulate  that  the  7,47  MeV  (5/2”)  state  is 
a  member  of  a  rotational  band  whose  base  state  is  at  an  ex¬ 
citation  energy  of  5,62  MeV,  and  has  Iv  =  3/2",  It  is  the 
question  of  the  existence  of  this  level  which  it  was  hoped 
the  present  experiment  would  be  able  to  resolve, 

The  levels  in  the  two  rotational  bands  with  base  state 
spins  equal  to  1/2  and  positive  parity  (the  third  and  fourth 
excited  rotational  bands)  are  in  very  good  agreement  with 
experiment  as  is  exhibited  by  table  3-1, 

There  is  no  way  at  present  to  check  the  predictions 
of  the  second  excited  rotational  band,  which  is  based  on  an 
K  =  1/2”  state  since  no  odd  parity  levels  have  been  found  in 
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the  repion  with  excitation  enerpies  between  8  MeV  and  15  MeV, 
The  experimental  levels,  which  lie  in  this  repion,  are  tab¬ 
ulated  in  table  3-1,  These  levels  were  found  by  means  of 
the  reaction  Li 7  (y,n)  and  are  presumed  to  be  positive  parity 
states  since  the  bremstrahlunp  which  was  used  to  induce  this 
reaction  should  excite,  primarily,  positive  parity  levels 
with  spins  equal  to  1/2,  3/2,  or  5/2, 


TABLE  3-1 


Levels  of  Li 7  (in  MeV)  from  Li7(y,n)Li6 


Predicted  levels 

BWIWWIMWi  ‘  r*  ,B,pi 

Bo5  3 

Reference 

Ry  5  8 

Ch6  3 

9  ,43 

(1/2+) 

9  ,  6 

9,66  ±  0,04 

11,40 

(5/2+) 

10  ,  8 

12,27 

(1/2+) 

12,4 

12,25 

13,53 

(3/2+) 

14,0 

13 , 5 

15,57 

(3/2+) 

15,4 

15.57 

(5/2+) 

16,5 

17,95 

(3/2+) 

17,5 

17.75 

It  is  to  be  expected  that  a  number  of  the  theoretically 
predicted  levels  should  be  in  apreement  with  the  experimental 
levels,  since  the  parameters  ft  &>0  and  X  have  been  adjusted  for 
the  best  overall  fit  to  the  experimental  data.  In  addition, 
the  moment  of  inertia  for  each  band  has  also  been  adjusted 
to  pive  the  best  fit  to  the  experimental  levels  within  the 
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band.  Thus,  a  relatively  pood  fit  between  theory  and  experi¬ 
ment  is  expected  for  at  least  the  three  low  lying  levels  in 
the  ground  state  rotational  band.  What  is  so  surprising 
about  this  application  of  the  rotational  model  to  Li7  is  the 
very  good  agreement  between  experiment  and  theory  for  the 
positive  parity  levels  with  a  relatively  high  excitation 
energy  (9  MeV  -  18  MeV) ,  This  latter  agreement  would  lead 
one  to  suspect  that  there  is  good  justification  for  thinking 
that  the  rotational  model  can  be  applied  to  Li7, 

In  addition  to  a  level  scheme  for  Li7 ,  the  rotational 
model  has  also  predicted,  correctly,  the  ground  state  elect¬ 
romagnetic  moments,  the  mean  lifetime  for  the  de-excitation 
of  the  first  excited  state  by  gamma  ray  emission,  the  ratio 
of  the  E2/M1  mixing  for  this  decay,  and  the  log  (ft)  values 
for  the  8-decay  of  Be7  to  Li7, 


'>o-  hslart  .  2u.xf]  ,  :  ;  . 

sn:1'  to  ao  ■  ."p.r  IqcTii  -  j  yo <■■■■-. 

'( Tfoe.rit  r.ffi  -nf-  naavr  d  tnr/roa'i^E  \w  y- .  »y 

•  h  •  s»v  ::  t  e  [  a*  5  n't xw  aX  •  i  f  ^th « s  r  s v  r  1 1  :-;o q 

t  b  \  "  l  t  >::•  rlt  t  rlt  )r  .  ■ ;;  .  r  .v  ■ 

■■  <■  h  ■  •  i/  d  n  •  ooi  Biioi  .•  ■'•  t.  •  ©a't 

iv-  vt  9:1  :,  •■  ..rr  or -at  •  >0 

on.,  .  \  oh  ■  'at  -Tf  ;.utx..f.  r  |  $-i  \  i:  cl  s  ft  ■: 

.  -■ :  °  :■■  .1  o  0  ■  ;  ,  / 


50 


SECTION  4,  THE  EXISTENCE  OF  THE  PROPOSED  NEW  LEVEL  OF  Be 7 

In  a  search  for  the  Be  7  mirror  analogue  to  the  5.62 
MeV  (3/2")  level  of  Li7,  the  yield  of  gamma  rays  from  the 
reaction  Li6(p,y)Be7  was  investigated,  but  it  showed  no 
evidence  of  a  resonance  in  the  range  of  proton  bombarding 
energies  Ep  =  200  keV  to  EP  =  450  keV,  This  would  indicate 
that,  if  the  state  is  to  be  found  in  this  region,  it  either 
has  an  extremely  low  cross  section  for  de-excitation  by 
gamma  rays,  or  else  the  state  is  very  broad  and  would  con¬ 
sequently  not  be  expected  to  show  a  sharp  resonance. 

The  spectra  taken  at  Ep  =  800  keV  and  EP  =  400  keV 
are  essentially  in  agreement  with  the  results  of  Warren  et 
al  for  the  decay  of  the  broad  6,35  MeV  level  of  Be7,  al¬ 
though  it  would  appear  that  there  was  more  fluorine  contam¬ 
ination  on  the  targets  used  in  this  experiment  than  on  those 
of  Warren  et  al,  However,  a  spectrum  taken  at  Ep  =  300  keV 
shows  a  different  character  than  those  taken  at  higher 
energies,  indicating  that  some  other  process  is  being  ob¬ 
served,  This  may  be  the  decay  of  the  proposed  3/2“  level, 
or  else  it  could  be  the  presence  of  some  unknown  contaminants, 
From  penetrability  considerations  the  yield  of  gamma  rays 
from  the  reaction  Li6(p,y)Be7  decreases  rapidly  as  the 
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proton  bombarding  enerpy  is  lowered,  but  the  penetrability 
factor  for  protons  on  contaminants  with  a  Z  hip.her  than  that 
of  lithium  (Z  =  3)  will  decrease  more  rapidly.  This  will 
tend  to  make  the  presence  of  probable  contaminants  less 
important  at  lower  enerpies , 

The  spectra  taken  at  EP  =  800  keV  and  Ep  =  400  keV 
are  explainable  in  terms  of  the  pamma  rays  from  the  6.35 
MeV  level  of  Be7  and  the  6,13  MeV  level  of  016,  In  the 
spectrum  taken  at  EP  =  300  keV  (Figure  2-7b),  however,  there 
would  appear  to  be  pamma  rays  present  with  enerpies  between 
4,4  MeV  and  5,4  MeV,  in  addition  to  those  expected  from  the 
decay  of  the  6,35  MeV  level  of  Be7, 

It  may  be  possible  to  explain  the  spectrum  of  Figure 
2-7b  in  terms  of  the  decay  of  proposed  3/2”  state  to  the 
ground,  first,  and  second  excited  states  of  Be7,  If  such 
is  the  case,  then  the  3/2”  level  predicted  by  Chesterfield 
and  Spicer  is  a  broad  level  which  merges  with  the  6,35  MeV 
level  at  approximately  5,9  MeV,  This  provides  a  plausible 
explanation  of  the  observed  facts  regarding  the  yield  curve 
of  Figures  2-7a,  2-7b,  and  the  spectra  taken  at  the  bombard¬ 
ing  energies  EP  =  800  keV  and  Ep  =  400  keV, 

The  spectrum  of  Figure  2-7b  was  taken  for  an  incident 
charge  of  3  x  10"3  coulombs  (approximately  5  times  the  inte¬ 
grated  beam  current  which  produced  the  spectra  of  Figures 
2-5  and  2-6),  Thus  the  effect  observed  in  Figure  2-7b  is 
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very  weak,  and  contains  insufficient  data  to  make  a  confident 
decision  as  to  the  existence  of  the  proposed  new  state. 
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